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IMPROVED  TERRAIN  EFFECTS IN BAROTROPIC  FORECASTS 
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ABSTRACT 
The  persistent  occurrcucc of sl-sternatic  errors of harotropic  forecasts  over  mountainous  areas is strongly sug- 

gestive of significant effect,s of mountains and frictioll  which  have  not been included in the previously used forecast 
models.  This  st,udy  reports 011 experiments  with a I I ~ J V  barotropic  forecast  model  which  contains  an  improved 
mountain effect and a surface  friction  cffect. For computation of the  surface stress depending on the wind and 
on  the  terrain, a hemispheric  map of the  drag coefficient is obtained. 

The  results of tests of the  forecast rnodcl on a n  init,ially zonal flow-, anti on ten  observed  meteorological  situa- 
tions,  indicate  that  the effects of terrain  on  the  cvolnlion of atmospheric flow patterns can  be of large  magnitude, 
and can  account  for  significant  errors  in  numerical  prediction. Some s1Iccrss at accounting  for  these effects is at- 
tained  with  the  barotropic  representation of the atmosphere. 

1. INTRODUCTION 

In cousidering  the errors of d:tily hro t ropic  forecasts, 
one is impressed witlr the  high l r e q u m c ~ -  of o c c t ~ r r ~ ~ ~ c ( ~  
of certain  clrnracterist'ic errors. Somtl of t t w  most pro- 
nounced of these  appear  wit8h regul:wit>- on mot~thl>- 
means of the  bnrotropic errors. One well-known type is 
associated wi th  Irequent cTTclogerlesis dong  the east 
coasts of Asia and Sor th  America, and appc:m ns :I 

positive mean algebraic error over  these  areas during ttrc 
winter  season.  Efforts are under way in many rcsctwcll 
centers to  improve our ability to lorecast cyclogenesis. 

Another  frequent'ly  observed error is lountl over mest'crn 
North  America, and consists of a telrdency  to  forecast 
too  strong  winds  in  t'he jet' stream as well as a tcrldcnc3- 
to forecast. too low heights of the  pressure  surfaces. 
Although  it is not, clear a priori  that'  these errors itre 
directly  topographically  induced,  since :I rnount'ain effect' 
is included  in the  barotropic  forecasts (Chssman [4]), 
the  high  dependability of these  errors  has let1 us to a re- 
examination of t8he orograptric influences in the  f'ramcworl~ 
of t,he bizrotropic forecasts. 

Figure 1 is a characteristic  monthly  error  chart  showing 
these errors. The negative error appearing over north- 
western  Canada and southeastern  Alaska  appears 011 

practically  every  monthly error chart, its  strerrgt'h np- 
parently  depending on the  speed of t he  westerlies. 

2. RISING AND SINKING OF AIR OVER 
THE MOUNTAINS 

The  customary  method of including  mountain effects 
in  numerical  predict,ion  consists of imagining that  the 
atmosphere  ext,ends  everywhere to 1000 mb., but  that n 
vertical  motion is induced  at, t h e  lower hound tar^- accord- 
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irrg to the do\\- of t'tw fictitious  1000-mb.  wind up or down 
the slope of t l l r  actual  terrain, i.e. 

a"= Vo . vp, (1) 

wtrerc w,, is d p ; d  a t  the lower boundary, Vo is the 1000-mb. 
wintl, a n t 1  p ,  is the standard  pressure  at, the surface of 

FIGURE l.-Mean 500-mb. chart (solid) and  algebraic  mean  error of 
48-hr. 500-mb.  forecasts  (dashed) for December 1959. 



the  ground.  The version of this mountnit1 effect used 
a t  the  Joint  Numerical  Weather  Prediction (JSITP) 
Unit  furt'her  supposes  that  the  vert,icd velocitJ- imposed 
by this effect, falls off from w0 at p ,  (1000 mh.) to zero at 
the  pressure p=O, giving a 500-mh.  vorticitJ-  tendency 
due to t'he  mountain effect, (d<k3t)rn, of 

where p ,  represents  the  pressure at  a mean  tropopause, 
i.e., 200 mb.,  and V,< represents the wind a t  ground  level. 
This is obtained  by  supposing  t'tmt V,=V/5, and using  the 
interpolation  formula 

v,=v [" 
if p ,  is  expressed  in  millibars. 
In making  calculations  with  t'his  mountain effect, the 

values of pg used mere t,aken  from  the  paper bJ- Bwkofsk?- 
and Bertoni [3J. 

3. INCLUSION OF SURFACE. FRICTION 

The  components of the surface  stress ( r2,  T , )  arc related 
to  the  ageostrophic  mass  transport ( M 2 ,  AI,) by the rela- 
tions, as given  by  Holmboe,  Forsythe,  and  Gustin [ 7 ] ,  Tor 
example, 

T u  = -jA4, 

If we solve for t'he mass divergence  in  the  friction  luycr  and 
introduce  the  equation of continuity we obtain  the well- 
known  expression for vertical  velocity wH (actually 
(dp/d t )  a t  t'he top of t'he  friction  layer, 

Various  opinions  have been presented  regarding the 
lllost suit'nble  expression  for the  surface  stress as a functjoli 
of the surfnc,c geostrophic wind speed.  Alintz [la] favors 
:l linear  relationship,  whereas  the  data  presented by Taylor 
[22] and by Lettau [SI suggest that  the  surface  stress  is 
111ore nearly proport'ional  to  t'he square of the wind speed, 
according to  the expression 

T = c y d p V H 2  (7)  

whcrc p is t'hc  tlcnsity a ~ l d  Cd is the skin  drag  cocmcient. 
ITe will u~ldrrst:~nd V, 21s the wind :tt top of the  fric- 
tion layc~,  or the  geostrophic surf:tce wind. 

Let't'au [lo] has  present'ed a rcrnarkable  analogy  between 
flow in  conduits  and flow in the atmospheric  boundary 
laJ-cr,  supporting the use of equation ( 7 ) ,  a t  least for largc- 
scale flow. 111 view of the  fact  that Cd varies  nlarlredly 
with cllaugcs it1 the  static  stability,  equatian (7) and  cven 
the concept oT ,drag coefficient, might  not bc espccially 
useful for small-scale  studies  or for lorecusts of short  time 
range; c.g., 12 hours.  However,  since  burotropic  forecast- 
ing is concerncd  with  large-scale  atmospheric motiorls es- 
terding  over  periods of several  days, the relation  described 
b ~ 7  ecluat'ion (7) was  selected for use in  this study. 

In order to incorporate  friction  int'o  the  forecast  in any 
scale of  notion snluller than  the zonal  vortex  itself, i t  is 
necessary  to  have a map of the  distribution of the  drag 
coefficient over  the  lorecast  area,  in  this case the  Northern 
Hemisphere.  Although maps of this  type do not  appear 
in the literature', a large  number of bot'll  empirical  and 
theoretical  determirlat~ions of surface  stress  and  drag co- 
efficient have  been  made by various  investigators. A num- 
ber of t'hese will be  considered  below. In   the  discussion 
of numerical  values we shall  try  to  discrinlinate  between 
the  drag over flat land or over ocean and  the Iorrn drag of 
the large-scale relief of the  earth's  surface.  For  this  pur- 
pose we can consider that  the  drag coefficient C, is made 
up of two partial drag coefficients, C, and C,, where C 2  

will he used to  give  the  form  drag of t'he relief, and CI 
is relatively  constant. 

Sawyer [14], following a11 earlier  treatmcmt  by Scorer 
[Is], has  computed  the  drag of a rnountain  ridge  by con- 
sidering  t'he  net  downmard  transport of momentum  by  the 
gravit>y  oscillations  set up  in  the flow over the  ridge.  His 
equation for drag  is well suited  for  colnput'ation of numeri- 
cal values of C2. For  example,  with  ridges 300 m. high 
spnccd a t  10-km. intervals, C2=0.15;< IO-'. This  might, 
correspond  to  the  Appalachian  Mountains  in  the  eastern 
United  States.  Extending  the  same  treatment to  ex- 
tre~nely rough mountains, 3 km. high,  spaced 80 km. 
apart, we find C2=O.85X10-'. This  could  correspond  to 
the  roughest places in the Rocky AIountains or to some 
areas of Tibet. 

It seemed  desirable  to  have for use in  this  study a rela- 
tively  simple  method for determining  the  form  drag of 
the  mount'ains,  more specifically, Cz, a t  a large  number of 
plnces, having  available  only  the  information  contained 
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FIGL-RE 2.----I-Temisphc.ric m : r p  of drag coefficient. 
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by i t  i n  either  the  zonal  wind profile or in  the local  iteight 
changes. However,  one  should be  careful not t,o estc.tltl 
this  conclusion for applicatioll  to more comp1ic:Ltctl 
models than  the  barot'ropic. 

4. FORECASTS  WITH A ZONAL  WIND BELT 
I n  ordcr to  obtain  an  idea of' the  magnitutlr~s ol' tltc 

mountain and friction effects, a series of htwotropic 
forecasts  was made in which the  initial data corrsistcd ol' 
a set of circular  stream  lines a t  500 r n b .  coincident  with 
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FIGURE 7.-Initial 500-mb. chart for 1200 GMT, April 2, 1960. Dashed  linc encloses : m a  over  which  verifications were computed. 

this forecast was 20 feet),  indicating that the cl~angos 
introduced  into  subsequent  forecasts  by  mountain and 
friction effects were real. 

Next,  a  48-hr.  forecast was macle in which the eflect' 
of mountains, (b</bt),, was included, but  in which  the 
effect of friction  was  excluded.  The  disturbances which 
developed on  the  initially  zonal flow are  shown  in figure 4. 
Examination of this figure reveals t'hat the eflect of the 
mountain  terms  is  to  turn  the flow to the  right,  with  the 
downwind fall centers  having  about twice the  amplitude 
of the  upwind  rise  centers. 

T h e  result of nlaking tl 48-hr. forecast  in  which the 
lIlount,ain  term was escl~lded  and t'he friction  term  in- 
c~luclccl is  shown  in figure 5 .  The chief impression ob- 
tained fro111 this figure is  that' of a ret,ardat.ion of the  
zollal flow over the roughest arens of figure 2 .  Gencrall?- 
speaking,  there appears to be a diversion of the P,ow 
around  the  roughcst  areas. 

Figure 6 shows the result of including  both  mountain 
and  friction  terms  in  the lorecast. I n  this  map  the la11 
cast, of the Asian Plateau  is  considerably  smaller t h n  
shown in figure 4. T l ~ c  formation of a je t  st'ream flowing 
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FIGURE 8.--Vcrifying 500-mb. chart, 1200 GMT, April 4, 1060, for forecast made from figure 7. 

fromrtlle  southwest  over  sout~heastern Asia and Japm 1))- 
48 hr. (prtrt,icularly if one  adds  rnentnlly  the  initid zo11a1 
flow) is suggcstivc of the wvell known jet strc:un o1)scrvctl 
to form in that region. Also, the  ridgy. appearing o ~ r r  
the Rocky Mount'ains with  thc flow from the rlortll 011 

the  east  side of the  nlountains resen~b1r.s the pc~rtnrba- 
tions on tho  normal  charts. 

5. FORECASTS  WITH  METEOROLOGICAL DATA 
A series of forecasts TVWS made usillg initial dnt:l  fro^^^ 
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FIGURE 10.-Contribution of mountains.*and  friction to  48-hr. forecast frorn 1200 GMT, April 2, 1960, obtained  by  subtracting 48-hr. fore- 
cast  made  without  mountain and friction effects from  48-hr.  forecast made with  both effects. (Labeled  in  decafeet.) 

In  order  to see  some of the  results  in  greater  detail,  let 
us consider two exnrnp!es. In one o l  these,  t,l~e Rocky 
hlount~aio area was domin:itetl by :L ridge. In  the ot'ller, 
it was dominated  by a trough.  Furthermore,  the  height 
verifications (table 2) showed an irllprovernent  in one  cme 
and a deterioration  in  the  other as result of the inclusion 
of' terrain effects. 

The first of these,  April 2-4, 1960, figures 7 and 8, shows 
the  intensificnt'ion of a 500-mb.  ridge  over the Rocky 
Mountains.  The  errors o l  the  48-hr.  forecast made with- 

out  terrain effects, figure 9, are  unusually large for  baro- 
tropic  forecasts a t  this t.ime of the year, indicating that 
pr:tctic:tlly none of the ridge  development was forecast. 
The added forecast'  clmlge from the  t'errain effects, figure 
10, shows the rcduction of error  in  the  mountainous  area 
ol' westcrn C:m;td:t by about 25 percent of the total  error. 
In  investigating  this case lurthcr,  it was discovered that 
the  surface w i d  approximation  used in the model  gave B 

surface  (gradicnt'  level) wind of only half  the observed 
v:~lue a t  tllc  initial  tir~le. Il the  surface wind approxima- 
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FIGURE 12,"Verifying 500-mb. chart, 0000 GRIT, April 25, 1960, for forccast made  from figure 11. 

Mountain  area  was  dominated  by cyclonic flow. 'I'he 
Low  in the  western  States  at t,he initial  time (fig. 1 1) 
moved  slowly  northeastward  with filling (fig. 12). The 
failure of the  forecast  without  t'crrain effect's to  forecast 
the filling is shown by t'he error  chart of figure 13. The 
contribution of mountains  and  friction,  shown  in figure 14, 
produced  a  height  change  in  the  forecast  very  nearly  equal 
and  opposite  to  the  large  error  appearing  in  figure 13. 
The  fact  that  the  root-mean-square  height  error of the 
forecast  was  slightly  increased by  the inclusion of the 
terrain effects runs  cont'rary  to  expectations  from  looking 

a t  t'he maps, and reflects the  treacherous  nature of un- 
interpreted  root-mean-square  errors.  Despite  the verifi- 
cation,  one  obteins  an  impression of a substantial 
improvement'  gained by incorporating  the  terrain effects. 

6. CONCLUSIONS 

From  the  above  study we conclude that combined 
mountain  and  friction effects in  the  atmosphere  are 
responsible  for  large and  recurrent  forecast  errors.  The 
action of terrain 011 the  atmosphere is probably of equal 
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importance  with cyclogenesis in  producing  errors  in  the ACKNOWLEDGMENTS 
current  barotropic  forecast  model. The principal  barrier 
t.o removing  a  large part of these  errors is the  lack of an 
accurate  surface  wind. 

The inclusion of mountain  and  surface  friction  in  more 
advanced  forecast  models  appears  to  be  absolutely neces- 
sary. If this is not  done,  serious  forecast)  errors will exist 
through a deep  layer of the  atmosphere. 1. V. L. Arkhangelskii, ''0 Vysote IJrovnlGL, TreniG v UsloviGkh 

The  writer  takes  this  opportunity  to  thank  Capt.  Mirco 
P. Snidcro,  U.S.A.F., JNW'P Unit, who coded  and checked 
out  the  entire  program  for  the IBM 704. 
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cast  made  without  mountain  and  friction effects from  48-hr.  forecast  made  with  both effects. (Labeled  in  decafeet.) 

Srednegornogo  Rel’efa,”  (On the  Depth of the  Friction 
Layer  under  Conditions of Moderately  High  Mountains,) 
MeteorologiG i GidrologiG No. 2, March-April, 1955, pp. 

2. A. Baumgartner,  “Untersuchungen  uber  den Wiirme- und 
Wasserhaushalt  eines  jungen  Waldes,” Berichten  des  Deutschen 
Wetterdienstes, vol. 5, No. 28, 1956, pp. 3-53. 

3. L. Berkofsky  and E. A. Bertoni,  “Mean  Topographic  Charts 
for  the  Entire  Earth,” Bullet in  of the  American  Meteorological 
Society, vol. 36, No. 7 ,  Sept. 1955, pp. 350-354. 

27-28. 

4. G. P.  Cressman,  “Barotropic  Divergence  and  Very  Long 
Atmospheric  Waves,” Monthly  Weather  Review, vol. 86, 
NO. 8, Aug. 1958, pp. 293-297. 

5. G. P. Cressman,  “An  Operational  Objective  Analysis  System,” 
Monthly  Weather  Review, vol.  87, So .  10, Oct. 1959, pp. 
367-374. 

6. M. H. Halstead, R. L.  Riehman, W. Covey,  and J. D.  Merry- 
man, “A Preliminary  Report  on  the  Design of a Computer 
for  Micrometeorology,” Journal  of Meteorology, vol. 14, 
NO. 4, Aug.  1957, pp. 308-325. 



MONTHLY WEATHER REVIEW SEPTEMBER-DECEMBER 1960 

7. J. Holmboe, G. E.  Forsythe,  and W. Gustin, Dynamic  Meleor- 
ology, Wiley and  Sons,  Kew  York, 1945, (see p. 240.) 

8. H. H. Lettau, “A Re-examination of the  ‘Leipzig  Wind Profile’ 
Considering  Some  Relations  between  Wind  and  Turbulencc 
in  the  Frictional  Layer,” Tellus ,  vol. 2, S o .  2, May 1950, 

9. H.  H. Lettau,  “Summary of Son-Dimensional  Characteristics 
of Boundary  Layer  Theory,” pp. 337-372 in Exploring  the 
Atmosphere’s First M i l e ,  H. H. Lettau  and B. Davidson 
(Editors), vol. 1, Pergamon  Press, Sew York, 1957. 

10. H.  H.  Lettau,  “Wind Profile, Surface  Stress,  and  Geostrophic 
Drag Coefficients in the  Atmospheric  Surface  Layer,” A d -  
vances in Geophysics, vol. 6,  1959, pp. 241-257. 

11. Y. Mintz, “An Empirical  Determination of Surface  Drag Co- 
efficients for  Extended-Range  and  Long-Range  Numerical 
Weather  Forecasting  and  the  Study of the  General  Circula- 
tion,” Art,icle X in Large  Scale  Synoptic  Processes, Dept. of 
Meteorology,  University of California a t  Los  Angeles, Junc 
1957. 

12. Y. Mintz,  “Design of Some  General  Circulation  Experiments,” 
The  Bul le t in  of the  Research  Council of Israel,  Section  G-Geo. 
Sciences, vol.  7G, No. 2-3, Oct.  1958, pp. 67-113. 

13. E. PalmBn, “On the  Mean  hferidional  Circulation  in  Low  Lati- 
tudes of the  Northern  Hemisphere  in  Winter  and  the Asso- 
ciated  Meridional  and  Vertical  Flux of Angular  Momentum,” 
Article VII  in Investigations of the  General  Circulation cf the 
Atmosphere, Dept. of Meteorology,  University of California 
at Los  Angeles, March 1955. 

14. J. S. Sawyer,  “The  Introduction of the  Effects of Topography 
into  Methods of Numerical  Forecasting,” Quarterly  Journal 

pp. 125-129. 

of the  Royal  Meteorological  Society, vol. 85, So. 363, Jan. 

15. R.  8. Scorer,  “Theory of Waves  in  the Lee of Mountains,” 
Ouarterl!y Journal  of the Royal  Meteordogical  Society, vol. 75, 
No. 374, Jan. 1949, pp. 41-56. 

16. W .  Seeliger, “Hohenwind  und  Gradientn-ind,” Beitrage zur 
Phys ik   der f re ien   A tmosphare ,  vol. 24, 1938, pp. 130-148. 

17. P. A. Sheppard, H. Charnock,  and J. R.  D.  Francis,  “Observa- 
tions of the Westerlies  over the  Sea,” Quarterly  Journal of the 
Royal  Meteorological  Society, vol. 78, No. 338, Oct. 1952, pp. 

18. P. A. Sheppard  and  M.  H.  Omar,  “The  Wind  Stress  over  the 
Ocean  from  Observations  in  the  Trades,” Quarterly  Journal 
of th,e Royal  Meteorological  Society, vol. 78, No. 338, Oct. 

19. V. P. Starr  and R. &‘I. White, “ A  Hemispherical  Study of the 
Atmospheric  Angular-Momentum  Balance,” Quarterly  Jour- 
nal  of the  Royal  Meteorological  Society, vol. 77, No. 332, Apr. 

20. R. C. Sutcliffe,  “Surface  Resistance  in  Atmospheric  Flow,” 
Quarterly  Journal of the Royal  Meteorological  Society, vol. 62, 
No. 263, Jan.  1.936, pp. 3-12. 

21. H. U. Sverdrup,  “The  Stress of the  Wind  on  the  Ice of the  Polar 
Sea,” *Shifter  Norsk  Polarinsti tutt ,  No. 111, 1957, 11 pp. 

22. G. I. Taylor, “ On Eddy  Motion  in  the  Atmosphere,” Philosophi- 
cal Transactions,  Royal  Society of London,  vol. 215, A, 1914, 

23. A4. Wiin-Nieken, “On Certain  Integral  Constraints for the Tirne- 
Integration of Baroclinic  Models,” Tellus, vol. 11, No. I, 
Feb. 1959, pp. 45-59. 

1959, pp. 31-43. 

563-582. 

1952, pp. 583-589. 

1951, pp. 215-225. 

pp. 1-26. 


